Abstract-We have studied the effect of hydrostatic pressure on the galvanomagnetic properties of a Cd 3 As 2 + 20 mol % MnAs alloy in a transverse magnetic field of up to 4 kOe. The pressure dependences of the Hall coefficient and resistivity for the alloy provide evidence of reversible phase transitions. The observed negative magnetoresistance of the alloy is shown to be induced by high pressure.
INTRODUCTION
Cd 3 As 2 -MnAs alloys have attracted considerable interest because they consist of Cd 3 As 2 , a narrowband-gap semiconductor [1] [2] [3] , and MnAs, a wellknown ferromagnet [4] . The constituent components of this system are of interest for producing granulated spintronic structures [5] . Based on results of theoretical and experimental studies, Cd 3 As 2 is thought to be a three-dimensional topological Dirac semimetal (3D TDS). Angle-resolved photoelectron spectroscopy [1] and scanning tunneling microscopy results demonstrate the existence of 3D Dirac fermions in this compound. 3D Dirac semimetals exhibit unusual effects: quantum spin Hall effect, giant diamagnetism, and others. Cadmium arsenide is more attractive for investigation of these effects than are well-known 3D TDS compounds, for example, Na 3 Bi, because they are hygroscopic. Cd 3 As 2 is a basic compound for studies of unique phases, such as Weyl semimetals, axion dielectrics, and topological superconductors. Not only Cd 3 As 2 [6, 7] but also Cd 3 As 2 -based diluted magnetic semiconductors [8] [9] [10] are of interest as spintronic materials.
The diluted magnetic semiconductors have been studied as injectors of spin-polarized charge carriers. There is, however, a problem related to the fact that the coefficient of electron spin injection across a ferromagnetic metal-semiconductor interface is not very large because of the resistance mismatch between the layers. This problem can be resolved by utilizing diluted magnetic semiconductors, such as GaMnAs, and Mn-V (MnP, MnAs, and MnSb) magnetic semimetal compounds [10] [11] [12] [13] . At temperatures below their Curie temperature (T C ), solid solutions of diluted magnetic semiconductors have an internal magnetic field, and exchange interaction between Mn ions usually increases with increasing Mn concentration owing to the decrease in Mn-Mn distance. Cd 3 As 2 -MnAs alloy containing 20 mol % MnAs consists of a (Cd 1 -х Mn x ) 3 As 2 solid solution with inclusions of another ferromagnetic phase, MnAs, with T C = 318 K [14, 15] . Thus, the alloy comprises two interacting magnetic subsystems: solution of Mn ions in a highly conductive medium (Cd 3 As 2 Dirac semimetal) and ferromagnetic MnAs, which allows us to envisage the possibility of creating an injection material with a high degree of polarization.
There is currently great interest in more accurately determining the band structure of the Cd 3 As 2 semiconductor. This issue has been addressed for a rather long time, and in a number of studies band inversion was assumed along with a zero-gap state [1, [16] [17] [18] . The evolution of bands in ternary and quaternary cadmium arsenide-based solid solutions is of interest as a separate issue, but at the same time it extends our understanding of the properties of Cd 3 As 2 as a threedimensional Dirac semimetal. The existence of 3D Dirac fermions allows one to explain the anomalously high carrier mobility in single crystals of this compound [3] . Note that the carrier concentration in it can be controlled by doping, in particular by adding manganese.
This paper presents a continuation of our detailed studies of the electrical, galvanomagnetic, and thermoelectric properties of alloys in the Cd 3 As 2 -MnAs system [15, 19, 20] in wide ranges of temperatures, pressures, and magnetic fields. EXPERIMENTAL Cd 3 As 2 -MnAs alloy containing 20 mol % MnAs is a composite consisting of MnAs ferromagnetic nanogranules and a Cd 3 As 2 semiconductor matrix. The alloy was synthesized by reacting the Cd 3 As 2 and MnAs compounds under vacuum in graphitized silica ampules at the melting point of manganese arsenide [20] . According to differential thermal analysis (DTA) and X-ray diffraction characterization results, the alloy had the form of a composite in which the α''-Cd 3 As 2 phase prevailed.
High pressures were generated in a Toroid chamber, which generated high hydrostatic pressures of up to 9 GPa. Figure 1 shows a schematic of the chamber and a high-pressure cell.
The transport and galvanomagnetic properties (resistivity, Hall coefficient, and magnetoresistance) of the alloy were studied by a standard four-probe technique. A magnetic field was generated by a multiturn solenoid with a magnetic field strength H ~ 5 kOe.
The samples had the form of rectangular parallelepipeds 3 × 1.0 × 1.0 mm in dimensions. The current passing through the samples was monitored with a Keithley 2000 digital multimeter. To characterize the system under investigation, we considered the magnetic field H, the current I through the sample, Hall voltage V H , resistivity ρ, and pressure p. The measurements were performed at two opposite current and field directions.
The resistivity of the sample was calculated using the formula where V H is the measured voltage, a is the width of the sample, b is the thickness of the sample, I is the current through the sample, and l p is the separation between the probes.
In Hall effect measurements, we used a direct current I and static magnetic field H. A static magnetic field of 4 kOe was generated by a coil. To reduce the contribution of extraneous electromotive forces to the measured Hall voltage V H , we averaged the results obtained by measuring the total transverse voltage at two current directions (I -and I + ) and two field directions (B -and B
where d is the thickness of the sample. To a good approximation, R H can be thought of as a constant characteristic of the material. R H is determined by electron and hole concentrations and mobilities in the material. If current carriers are only free electrons, we have R H = 1/(ne), where n is the electron concentration and e is the electron charge. Magnetoresistance (MR) was determined as × 100%.
RESULTS AND DISCUSSION
Characterization of the samples. Figure 2 presents X-ray powder diffraction results for the Cd 3 As 2 + 20 mol % MnAs alloy. Its X-ray diffraction pattern shows reflections from both the α''-Cd 3 As 2 phase and MnAs phase.
The DTA and X-ray diffraction results are supported by scanning electron microscopic (SEM) examination of the surface of the alloy. Figure 3 shows SEM images of the surface of the 80 mol % Cd 3 As 2 + 20 mol % MnAs alloy. Most of the sample is uniform in composition, which corresponds to the Cd 3 As 2 compound according to elemental analysis data. (a) (b) Additional inclusions account for less than 5% of the sample area. They are arsenic-enriched and cadmium-deficient compared to the matrix. A magnified image of the alloy microstructure (Fig. 3, inset) demonstrates that there is a complex distribution of the constituent elements and that the sample contains submicron inclusions similar in composition to Cd 3 As 2 . Elemental analysis of a dark area corresponding to an inclusion indicates that the second phase is CdAs 2 .
Electrical resistance. Electrical properties depend on the size and packing density of granules. If the average density of particles is low, the material has rather low electrical conductivity. At a high density, when a considerable number of particles are in contact with each other, the structure may contain rather extended clusters, and the conductivity of such structure will not obey the additivity rule. The real conductivity of the alloy will be determined by the conductivity of the MnAs and Cd 3 As 2 phases, the interfacial layer between them, and the shape of the granules. The carrier tunneling probability is determined by the size of the granules; the distance between them; the tunneling barrier height, width, and shape; and temperature. Figure 4 shows the temperature dependence of resistivity, ρ(T), for the Cd 3 As 2 + 20 mol % MnAs alloy in the temperature range 77-450 K. Characteristically, the alloy has metallic conductivity. Figure 5 shows resistivity as a function of increasing and decreasing pressure. As the pressure is raised to 2.8 GPa, the resistivity of the alloy rises very gradually and monotonically. At higher pressures, it rises sharply, reaching a maximum at 4.2 GPa. As the pressure is released, the resistivity drops at a varying rate and has a maximum at 2.75 GPa.
Hall coefficient. Figure 6 shows the Hall coefficient as a function of pressure, R H (p). At ≈3.65 GPa, the Hall coefficient passes through a maximum. Its behavior correlates with the ρ(p) pressure dependence, which also has a sharp peak at ≈4.2 GPa. The reversible peaks in the ρ(p) and R H (p) pressure dependences point to a structural transformation of the alloy.
Magnetoresistance. Figure 7 shows magnetoresistance as a function of magnetic field at constant pressure. Magnetoresistance as a function of pressure at constant magnetic field is shown in Fig. 8 . The data demonstrates a negative magnetoresistance, with a maximum (~1%) in the pressure range ≈1-2.6 GPa. In addition to the negative magnetoresistance, the behavior of the positive magnetoresistance of the alloy has specific features in the pressure range corresponding to the phase transitions of the Cd 3 As 2 semiconductor matrix of the composite and the MnAs ferromagnetic granules [19, 21] .
The pressure dependences of the resistivity, Hall coefficient, and magnetoresistance have characteristic features due to a phase transition in the pressure range 3-4 GPa. The peak in the pressure dependence of reduced magnetoresistance rises with increasing magnetic field strength. The behavior of electrical characteristics of composites with a different MnAs concentration was also reported to have distinctive features in the vicinity of 4 GPa [14, 19, 21] .
Thus, it is reasonable to assume that, under the effect of high pressures, the Cd 3 As 2 + 20 mol % MnAs alloy undergoes a joint phase transition in the Cd 3 As 2 matrix and MnAs ferromagnet. In the range 2.6-4.0 GPa, Cd 3 As 2 undergoes a transition from a tetragonal to a monoclinic structure, which supports previously reported data [22, 23] . At pressures in the range 3.5-3.8 GPs, MnAs undergoes spin reorientation transitions, which influence the electrical properties and magnetoresistance of the composite.
The mechanism behind the development of a negative magnetoresistance in granulated structures was addressed in a number of studies [24] [25] [26] . In the absence of a magnetic field, the angle between the magnetic moments of ferromagnetic clusters is random. An applied magnetic field aligns the magnetic moments in the field direction, leading to a marked drop in resistivity. Magnetoresistance is proportional to the magnetic field, the cosine of the angle between the magnetic moments, and the number of ferromagnetic clusters.
High pressures reduce the distance between the MnAs granules. The transport properties of composites are determined by not only charge transport processes within the granules but also carrier tunneling between the granules. If the granule size is comparable to the size of magnetic domains, an applied magnetic field aligns the magnetic moments of the granules in the field direction, reducing conduction electron scattering and leading to a negative magnetoresistance. Tunneling resistance decreases with increasing external magnetic field, as it causes ordering of the magnetization of individual domains. With increasing pres- Pressure, GPa sure, the tunneling resistance decreases owing to the reduction in the distance between the granules, that is, owing to the reduction in tunneling barrier height. Moreover, it should be taken into account that the matrix of the composite contains electrically active defects produced during the synthesis of the composite material and the formation of the MnAs granules. Some of the defects are uncompensated atoms with a nonzero spin, which act as localized magnetic moments or magnetic centers of carrier scattering in a magnetic field.
CONCLUSIONS
The present results demonstrate that, at high pressures, the Cd 3 As 2 + 20 mol % MnAs alloy has a negative magnetoresistance due to changes in tunneling conditions because of the reduction in the distance between the magnetic moments of the ferromagnet and to the structural transition of the semiconductor matrix.
Under high hydrostatic pressures, the magnetoresistance of Cd 3 As 2 -MnAs alloys exhibits complex behavior. 
